We demonstrate the efficacy of double-stranded RNA-mediated interference (RNAi) of gene expression in generating ''knock-out'' phenotypes for specific proteins in several Drosophila cell lines. We prove the applicability of this technique for studying signaling cascades by dissecting the well-characterized insulin signal transduction pathway. Specifically, we demonstrate that inhibiting the expression of the DSOR1 (mitogen-activated protein kinase kinase,
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ouble-stranded RNA (dsRNA)-mediated interference (RNAi) of gene expression has become a widely used method facilitating reverse genetic studies in Caenorhabditis elegans (reviewed in refs. [1] [2] [3] [4] . Discovery of this phenomenon came from anti-sense RNA experiments, where it was observed that both sense and anti-sense RNAs were effective at producing phenocopies of genetic loss-of-function mutations (1, 5, 6) . It was later determined that, if the complimentary strands of a specific RNA are combined, producing dsRNA, there was potent and specific interference of protein expression (6) . Originally, dsRNA was injected into the gonad of the worm, but subsequent experiments showed that the dsRNA could be injected anywhere in the worm and still produce mutant phenotypes in the adult. Furthermore, feeding C. elegans bacteria engineered to produce dsRNA (7) or soaking the worms in a dsRNA solution produced mutant phenotypes (8) . Surprisingly, this phenomenon can be passed on to the adult worms' progeny, allowing the study of mutant phenotypes throughout all stages of development.
The mechanism by which dsRNA prevents target gene expression is not completely understood. Recent studies suggest that dsRNA probes ranging from 200 to 1000 bp, derived from sequences that are present in the mature transcript but not from those in the promoter or intergenic regions, are able to interfere with gene expression (6) . However, some variability of efficacy has been noted for different dsRNA probes that target the same gene (9) . Only a few copies of dsRNA per cell are necessary to eliminate protein production, suggesting that the mechanism is catalytic in nature, and that it does not function by titrating endogenous mRNA, as proposed for traditional anti-sense RNA techniques. The targeted gene does not appear to be mutated, nor does transcription of the gene cease in the presence of dsRNA. However, the mRNA produced by the RNAi-targeted gene is absent from the cytoplasm and reduced in the nucleus. These results indicate that the dsRNA exerts its effect during or following RNA processing, but before protein translation (1, 10) .
Recently, RNAi has been reported to function in Drosophila as well as in other invertebrates and plants (reviewed in ref. 4) . In Drosophila, injection of embryos with dsRNA before cellularization (syncytial blastoderm) successfully phenocopies previously characterized loss-of-function embryonic mutations (11, 12) . Because embryos at this stage of development have no cell membranes, it is unclear whether dsRNA is able to cross Drosophila cell membranes. However, the RNAi effect persists throughout development and can be observed in the adult at low penetrance, although transmission of the RNAi effect to progeny has not been observed in Drosophila (12) .
In contrast to C. elegans, there are a number of established Drosophila cell lines offering many experimental advantages for biochemical studies. In this report, we show that dsRNA is capable of specifically blocking the production of targeted proteins in cell culture. First, we demonstrate RNAi efficacy by blocking the expression of two proteins under study in our laboratory. One of these proteins, DSH3PX1, is abundantly expressed in Schneider 2 (S2) cells and is the homologue of the human sorting nexin, SH3PX1 (13, 14) . The other protein, Drosophila ACK (DACK), is a protein tyrosine kinase homologous to the family of mammalian activated Cdc42 kinases, ACK (15) . Once we optimized the experimental conditions, we used the well-known insulin signaling pathway to establish the validity of RNAi to dissect signal transduction pathways. Importantly, we show that inhibiting the expression of four distinct proteins within the insulin signaling pathway modifies the downstream response in a predictable manner. Finally, we apply RNAi to study the relationship between DSH3PX1 and DACK, concluding that DACK is a kinase upstream of DSH3PX1 phosphorylation.
Materials and Methods
Cell Culture. S2 cells were propagated in 1ϫ Schneider's Drosophila media (GIBCO) supplemented with 10% FBS, 50
Abbreviations: DACK, Drosophila ACK; dsRNA, double-stranded RNA; RNAi, RNA-mediated interference; S2, Schneider 2; ERK, extracellular signal-regulated kinase; DAKT, Drosophila AKT; IRS, insulin receptor substrate; PX, phox homology; MAPK, mitogen-activated protein kinase; PI3K, phosphoinositol-3 kinase; PI(3,4,5)P3, phosphatidylinositol (3,4,5)-triphosphate. ‡ To whom reprint requests should be addressed. E-mail: jedixon@umich.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. dsRNA Production. Individual DNA fragments approximately 700 bp in length, containing coding sequences for the proteins to be ''knocked out'' were amplified by using PCR. Each primer used in the PCR contained a 5Ј T7 RNA polymerase binding site (GAATTAATACGACTCACTATAGGGAGA) followed by sequences specific for the targeted genes. The PCR products were purified by using the High Pure PCR Purification Kit (Roche Molecular Biochemicals). The purified PCR products were used as templates by using a MEGASCRIPT T7 transcription kit (Ambion, Austin, TX) to produce dsRNA. The dsRNA products were ethanol-precipitated and resuspended in water. The dsRNAs were annealed by incubation at 65°C for 30 min followed by slow cooling to room temperature. Six micrograms of dsRNA were analyzed by 1% agarose gel electrophoresis to ensure that the majority of the dsRNA existed as a single band of approximately 700 bp. The dsRNA was stored at Ϫ20°C.
Primer sequences used to generate specific dsRNAs were obtained as follows: DSH3PX1, GenBank accession no. Conditions for RNAi in Drosophila Cell Culture. Drosophila cell culture cells were diluted to a final concentration of 1 ϫ 10 6 cells͞ml in Drosophila expression system (DES) serum-free medium (Invitrogen). One milliliter of cells was plated per well of a six-well cell culture dish (Corning). dsRNA was added directly to the media to a final concentration of 37 nM. For dsRNAs of approximately 700 nt, this corresponds to 15 g of dsRNA. This was followed immediately by vigorous agitation. The cells were incubated for 30 min at room temperature followed by addition of 2 ml of 1ϫ Schneider's media containing FBS. The cells were incubated for an additional 3 days to allow for turnover of the target protein.
Extract Preparation, Western Analysis, and Drosophila AKT (DAKT)͞
Protein Kinase B (PKB) Enzyme Activity Analysis. Cells were harvested by trituration and pelleted by centrifugation at 1000 ϫ g. Cells were lysed in 400 l RIPA buffer (50 mM Tris, pH 8.0͞150 mM NaCl͞1.0% Nonidet P-40͞0.5% Deoxycholate͞0.1% SDS͞ 0.2 mM NaVO 4 ͞10 mM NaF͞0.4 mM EDTA͞10% glycerol), and 20 l lysate was added to 20 l of Laemmli loading buffer followed by electrophoresis on 7.5% SDS polyacrylamide gels. Western analyses were performed as previously described (16) . Purification of the 6xHis-tagged-SH2 domain from S2 cells was performed by using nickel agarose as described by the manufacturer (Qiagen, Chatsworth, CA).
For experiments involving insulin, dsRNAs were applied to S2 cells as described above. After a 2-day recovery, the cells were serum starved for 2 h, after which they were exposed to 10 g͞ml insulin (human) for 5 min. Extracts were prepared for Western analysis as described above. Extract preparation, immunoprecipitation, and in vitro kinase assays for DAKT͞PKB activity were performed as described (17) by using 6 M Crosstide as the substrate (Upstate Biotechnology, Lake Placid, NY; no. 12-331). Radioactivity incorporated into the peptide was measured by using the manufacturer's suggested protocol.
Antibodies. Polyclonal antibodies were raised in rabbits against recombinant DSH3PX1, DACK, and Dock (Cocalico, Reamstown, PA). 4G10 anti-phosphotyrosine antibody was purchased from Upstate Biotechnology. Monoclonal antibodies generated against MEK͞DSOR1 and phospho-MEK͞DSOR1 were purchased from New England Biolabs. Monoclonal antibodies for ERK͞ERK-A and phospho-ERK͞ERK-A were purchased from Sigma.
Results
RNAi Functions in Drosophila Cell Culture. To determine whether RNAi functions in cell culture, we chose to analyze the expression profiles of three proteins under study in our laboratory: DSH3PX1, DACK, and Dock. As previously mentioned, DSH3PX1 resembles a sorting nexin and is comprised of an NH 2 -terminal SH3 domain and a central phox homology (PX) domain (13, 14) , whereas DACK is a tyrosine kinase (15) . Dock, the Drosophila homologue of Nck, is an adaptor protein containing three SH3 and one SH2 domains (18, 19) . Our laboratory has recently obtained evidence that these proteins work together in a signaling complex (unpublished observations). Here, we demonstrate that specific dsRNA fragments, representing DSH3PX1 and DACK, cause the selective disappearance of the corresponding encoded proteins in S2 cell culture. Briefly, S2 cells were plated in serum-free media, and DSH3PX1 or DACK dsRNA was added to the cultures at concentrations of 74 nM, 37 nM, 370 pM, and 3.7 pM. After 30 min in serum-free media, 2 ml of serum containing media were added per well, and the cells were incubated for 3 days. Western blots of cell extracts show that DSH3PX1 dsRNA specifically reduced DSH3PX1 protein levels in a concentration-dependent manner, whereas DACK dsRNA similarly reduced DACK protein levels (Fig. 1A) . A dsRNA concentration of 37 nM was able to maximally inhibit protein synthesis, as addition of 74 nM dsRNA did not result in further inhibition. For both DSH3PX1 and DACK, loss of protein was approximately 95-99% (data not shown). The specificity of RNAi is also apparent from Fig. 1 A, as dsRNA corresponding to DACK has no effect on DSH3PX1 protein levels and DSH3PX1 dsRNA does not alter DACK protein levels. To date, we have successfully inhibited the production of DSH3PX1, DACK, Dock, and 12 other proteins, including kinases, phosphatases, adaptor proteins, and receptors, suggesting that the RNAi technique is effective toward a broad range of proteins. Using the conditions described in Materials and Methods, all dsRNAs tested were effective in specifically ablating the production of their respective proteins (data not shown). Interestingly, if the dsRNA is added to S2 cell culture in the presence of serum, the RNAi effect is still apparent but is an order of magnitude less potent (data not shown). The ease and specificity by which proteins can be effectively ''knocked-out'' of S2 cells makes this an ideal system for dissecting signal transduction pathways and may provide the basis for high throughput screens to determining the functions for specific Drosophila proteins.
RNAi Kinetics, Duration, and General Applicability in Drosophila Cell
Culture. After the discovery that the addition of dsRNA to cell culture media was sufficient to abolish targeted protein production in S2 cells, we determined the optimal incubation time. S2 cells were treated with 37 nM DSH3PX1 dsRNA in serum-free media for increasing lengths of time. After this incubation period, either serum-containing media was added as previously described or the cells were rinsed to remove the dsRNA before the addition of serum-containing media. All cultures were incubated for 3 days before examination of DSH3PX1 and Dock levels. At all time points examined, the cells exposed to the dsRNA showed a loss of DSH3PX1 production as expected (Fig.  1B) . However, when the dsRNA was removed from the media after a 10-to 60-min incubation period, there was little or no loss of DSH3PX1 protein expression (Fig. 1B) . Inhibition of DSH3PX1 production was apparent when the cells were exposed to dsRNA for 2 h and was further enhanced when the dsRNA was left on the cells for 4 h. Maximal inhibition of protein production at this concentration of dsRNA may take as long as 8 h of continuous dsRNA exposure (data not shown).
The duration of the RNAi effect was examined by monitoring DSH3PX1 and Dock protein levels over the course of 6 days. dsRNA for DSH3PX1 was added to cells by using the previously described optimal conditions. After the addition of serumcontaining media, the cells were exposed to the dsRNA for 1-6 days, after which they were harvested and analyzed for DSH3PX1 and Dock protein expression levels (Fig. 1C) . In the untreated cells, both DSH3PX1 and Dock protein levels increase with increasing cell density. When DSH3PX1 dsRNA is present, the reduction of DSH3PX1 is apparent as early as day 1 and persists through day 6. This demonstrates both the selectivity and longevity of the RNAi effect.
Several Drosophila cell lines were also tested to determine whether the RNAi effect was limited to S2 cells. KC and BG2-C6 cells, originally isolated from different embryonic cell types, were all shown to express DSH3PX1 (20) . DSH3PX1 dsRNA was applied to these cells as described above, and DSH3PX1 protein levels were examined. Expression of DSH3PX1 was blocked in all cell lines tested (Fig. 1D) . This demonstrates that RNAi selectively blocks protein expression in several different Drosophila cell lines. This observation significantly broadens the application of this methodology because it is likely that these cell lines express distinct proteins depending on their origin.
Dissection of Insulin Signal Transduction Pathways in S2 Cells.
We then assessed the suitability of RNAi for dissecting signal transduction cascades using the well-characterized insulin signaling pathway. Similar to the mammalian insulin receptor, activation of the Drosophila insulin receptor triggers the activation of various intracellular effectors, including the mitogenactivated protein kinase (MAPK) and phosphoinositol-3 kinase (PI3K) pathways ( Fig. 2A) (21-24) .
Activation of the MAPK pathway by insulin results in the increased phosphorylation and activity of downstream effectors, including DSOR1, which subsequently phosphorylates and activates ERK-A (Fig. 2 A) . Applying dsRNA corresponding to DSOR1-coding sequences results in the loss of both phosphorylated and unphosphorylated DSOR1 from the cells (Fig. 2B) . As predicted, the lack of DSOR1 precludes the activation of ERK-A after insulin stimulation (Fig. 2B) . Similarly, applying dsRNA corresponding to ERK-A coding sequences results in the loss of both activated and inactivated ERK-A. Interestingly, removal of ERK-A results in activation of DSOR1 both in the absence and presence of insulin (Fig. 2B) . This confirms several reports reviewed by Schaeffer and Weber (25) that implicates ERK-A in the down-regulation of the MAPK pathway.
We have further characterized RNAi applicability to another branch of the insulin signaling cascade. In Drosophila, genetic analysis of Chico, the homologue of the vertebrate insulin receptor substrate (IRS) family, demonstrates that the insulin signal transduction pathway controls cell size (26) . This branch of insulin receptor signaling involves phosphorylation of CHICO, which activates PI3K-mediated increased phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P 3 ] levels (Fig. 2 A) . Increases in this lipid result in DAKT͞PKB activation. PTEN is Western analysis on extracts prepared after a 3-day recovery period was performed as described using antibodies generated against DSH3PX1 and Dock. (C) S2 cells were exposed to 37 nM DSH3PX1 dsRNA as described in Materials and Methods. Cellular extracts were prepared on the indicated days and subjected to Western analysis using antibodies against DSH3PX1 and Dock. (D) The specified amounts of dsRNAs corresponding to DSH3PX1 coding sequence were added to either BG2-C6 or KC cells. Western analysis was performed as described using antibodies directed against DSH3PX1. In each panel, an arrow indicates the relative mobility of DACK, DSH3PX1, or Dock. a phosphatase that has been shown to hydrolyze PI(3,4,5)P 3 (27) . Consistently, mouse PTEN knockouts display high levels of cellular PI(3,4,5)P 3 , leading to constitutive activation of AKT͞ PKB (reviewed in ref. 28) . Therefore, we anticipate that removal of CHICO and DPTEN will regulate DAKT͞PKB activity in opposite ways.
Treatment of S2 cells with insulin results in a 4-fold increase in DAKT͞PKB activity (Fig. 2C ). Cells exposed to dsRNAs for CHICO are no longer able to activate DAKT͞PKB. Conversely, cells treated with dsRNA corresponding to PTEN, the negative regulator of this pathway, demonstrate a 19-fold increase in DAKT͞PKB activity on insulin treatment. This effect is specific for PTEN, as addition of dsRNA directed against another phosphatase expressed in S2 cells, DPTP61F (16, 29) , does not increase the activity of DAKT͞PKB in response to insulin. In addition, the increase in DAKT͞PKB activity can also be blocked by treating cells with dsRNAs corresponding to the Drosophila homologues of PI3K (Dp110) and phosphoinositidedependent kinase (data not shown).
DSH3PX1 Phosphorylation Is Downstream of DACK Function.
After having demonstrated the usefulness of RNAi to dissect the previously characterized signaling pathways described above, we analyzed a signaling complex composed of DSH3PX1, Dock, and DACK (unpublished observations). Examination of DSH3PX1 by Western blotting using the anti-phosphotyrosine antibody 4G10 reveals that it is tyrosine-phosphorylated. To test the hypothesis that DACK is responsible for the observed tyrosine phosphorylation of DSH3PX1, S2 cells expressing a 6xHis-tagged version of the Dock SH2 domain were treated with DACK or DSH3PX1 dsRNA. The Dock SH2 domain was purified on a Ni-agarose column, and the bound protein complex including DACK and DSH3PX1 were detected by 4G10 antiphosphotyrosine Western analysis (Fig. 3) . In the cells treated with DACK dsRNA, DACK is no longer detectable as a tyrosine phosphorylated protein. Interestingly, in cells that lack DACK, tyrosine phosphorylation of DSH3PX1 is greatly diminished although the amount of DSH3PX1 present in the Dock SH2-associated complex remains the same (Fig. 3) . This experiment brings up two interesting points: (i) that the interaction between DSH3PX1and Dock's SH2 domain may be indirect, and (ii) that DSH3PX1 tyrosine phosphorylation is downstream of DACK, making DSH3PX1 the first effector͞substrate for DACK. Additional experiments are in progress to establish the relationship between DACK and DSH3PX1. This simple experiment highlights the usefulness of RNAi in unraveling the complexity associated with these signaling molecules. DACK is upstream of DSH3PX1 phosphorylation. S2 cells stably expressing the 6xHis-tagged SH2 domain of Dock were treated with dsRNAs representing DACK and DSH3PX1. The protein complex associated with Dock's SH2 domain was purified as described in Materials and Methods and subjected to Western blot analysis using antibodies recognizing phosphotyrosine (pTyr) or DSH3PX1. The relative mobilities of DACK and DSH3PX1 are indicated.
Discussion
The use of RNAi in cell culture to dissect signal transduction pathways has several advantages over methods requiring the introduction of DNA into cells. Transfection experiments can lead to nonphysiological concentrations of the recombinant protein, often making the interpretation of results difficult. Likewise, transfection experiments often result in up-take of the DNA into significantly less than 100% of the cells. Our results with RNAi suggest that all of the cells effectively take up the dsRNA because 95-99% of the protein disappears from the cultured cells.
The use of dsRNA in S2 cells is technically simple, requiring only the production of dsRNA from a PCR product that has T7 RNA polymerase binding sites at each end. The method is also quick, in that results of the protein ''knock-out'' experiment can be obtained within 2-3 days. This contrasts sharply with the time necessary to produce selective gene ''knock-outs'' in mammalian cells. Likewise, the method appears to be highly reproducible, working on a wide range of proteins in several Drosophila cell lines. We suggest that RNAi will greatly facilitate the study of intracellular signaling processes.
The discovery that RNAi functions in Drosophila cell culture will undoubtedly aid in the elucidation of the mechanism that allows dsRNA to inhibit target protein synthesis and may serve as a stepping stone for adaptation of this technique to mammalian systems. This procedure is akin to having inhibitors for specific proteins in a wide range of signal transduction cascades. By using RNAi, we have the potential to rapidly accelerate the characterization of biochemical pathways in Drosophila cell lines.
